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Shock/sound propagation from the quenched jets have well-defined front, separating the fireball
into regions which are and are not affected. While even for the most robust jet quenching observed
this increases local temperature and flow of ambient matter by only few percent at most, strong
radial flow increases the contrast between the two regions so that the difference should be well seen
in particle spectra at some pt, perhaps even on event-by-event basis. We further show that the effect
comes mostly from certain ellipse-shaped 1-d curve, the intercept of three 3-d surfaces, the Mach
cone history, the timelike and spacelike freezeout surfaces. We further suggest that this “edge” is
already seen in an event released by ATLAS collaboration.
PACS numbers:
I. INTRODUCTION OF THE IDEA
Observation of jets at RHIC are limited to the trans-
verse energy in the range 20-30 GeV, which is quite
difficult because of large and strongly fluctuating back-
ground. Therefore most of the studies has been based
on the two and three-hadron correlation functions. Fur-
thermore, for hadrons mostly studies their transverse mo-
menta are in the range of several GeV, where contribu-
tions from hard jets and the tail of hydrodynamical flow is
hard to separate uniquely. With the “Little Bang” arriv-
ing at LHC in November 2010, the situation has changed
since at LHC much higher energy jets are available, for
which triggering on jets works well. The first glimpse of
what is to come has been spectacularly demonstrated by
ATLAS collaboration in their first heavy ion paper [1]
devoted to jet quenching. Now the trigger jets have the
transverse energy E⊥ > 100GeV : excellent calorimeter
of ATLAS make standard jet finding algorithms to work
well. The distribution over lost energy were found to
be very sensitive to centrality, and for central collisions
significant part of jet energy is lost, in some events com-
pletely.
In the present paper we turn to discussion of perturba-
tions of the “Little Bang” by the energy deposited by jets.
As evidenced by the enhanced radial and elliptic flows [2]
, overall hydrodynamical picture seem to work at LHC
as well as at RHIC. Once the energy is deposited into the
medium by the jet, it will result in shock/sound pertur-
bations in the shape of the Mach cone [3, 4], similar e.g.
to lightning and thunder. The present paper points out
that very strong radial flow allows one to significantly
simplify the problem, by focussing only the overlap of
the Mach (lifeline) 3d surface with the time-like and the
space-like freezeout surfaces.
The main idea to be presented is based on two very
simple geometrical observations:
(i) whatever complicated distorsions of the Mach cone in
exploding matter may appear, the observed spectra come
mostly from its intersection with the fireball space-time
boundary known as a freezeout surface.
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FIG. 1: Schematic shape of the Mach surface in the transverse
x, y plane at z = 0 and fixed time (upper plot), as well as its
shape in 3d including the (proper longitudinal) time (lower
plot). Mach surface σM is made of two parts, OCAA
′T and
OCBB′T . For more explanations see text.
(ii) Furthermore, because of the Hubble-like nature of
the radial flow, the effect is strongly peaked at the in-
tersection of all three surfaces, the Mach surface σM ,
the timelike and spacelike freezeout surfaces, denoted by
σt, σs respectively.
Since each 3-d surface is one equation in 4-d space-
time, the intersection of three of them are (two) 4-3=1-
d lines, C , T , to be specified below. It is those lines
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2which we call the jet/fireball edges: its size will also be
estimated and compared with the data. Hydrodynami-
cal causality would require that only a patch of matter
inside it is affected by the jet, while that outside it is un-
perturbed. We will show below that the contrast between
those two regions can be experimentally observable.
The geometry of the problem is schematically ex-
plained in Fig.1. Its upper part is a snapshot at some
time and some longitudinal coordinate, taken to be zero
z = 0, of the hydrodynamical perturbation in the trans-
verse plane. In infinite homogeneous matter two back-
to-back jets depositing energy into the medium create
two cones tangent to a sphere, shown by the continuous
lines. The shock/sound speed is assumed to be roughly
constant, about half of the speed of light. If matter is
present only onside the fireball, approximated by the
(dashed) sphere, only the part inside it actually exists.
The intersection of this sphere with the affected matter
happens at 4 points, indicated as A,B for a companion
jet C and A′, B′ for a trigger jet T . The so called “trigger
bias” leads to a trigger jet passing less matter than the
companion jet: thus the picture is left-right asymmetric.
(We assume central collisions and a jet with transverse
momentum in x direction, travelling along the diameter,
thus up-down symmetry of the plot.)
The lower plot of Fig.1 shows this picture in 3d, still
at the same z = 0 but now including the so called lon-
gitudinal proper time t =
√
t2lab − z2, where tlab is the
laboratory time. This time runs upward, and the up-
per ellipse schematically represent the time-like part of
the freezeout surface, σt, approximated by the constant
time surface, t = tf . The lower ellipse is the “initia-
tion time surface”, and the conical surface connecting
them is our approximation to the space-like part of the
freezeout surface, σt. Inside the region hydrodynamics is
assumed to be valid, as usual, whole outside secondaries
freestream to the detector. The points A,B,A′, B′ have
the same meaning as in the upper plot, which can be
seen as corresponding to its σt face. Since we only show
the 3d picture (z = 0) three surfaces we speak about are
2-dimensional, and their overlap is 3-3=0 dimensional,
reduced to 4 points A,B,A′, B′.
For obvious reason we do not show 4-d plot, but this is
not needed. Adding the longitudinal z direction is sim-
ple, it sill promote the edge into two ellipses, one having
points A,B on it and one having A′, B′. Those will be
called the edges C , T of the companion and trigger jets,
respectively. Since trigger-bias force the companion jet
to deposit much larger amount of energy, the former one
has much larger chance to become visible.
II. FURTHER DETAILS
The general expression for a spectrum is thermal spec-
trum boosted by the flow uµ and integrated over the 3d
freezeout surface (the Cooper-Fry formula)
dN
d3p
=
∫
σt+σs
dΣµp
µexp
[
−pνu
ν
T
]
(2.1)
Let us first quantify the second part of the idea (ii), that
the intercept with both surfaces σt, σs is the most visible
one. (we will only show it for σt part, similar argument
holds for the σs part as well.)
Focusing on the exponent and using (for simplic-
ity) nonrelativistic approximation for the flow (u0 =
coshy⊥ ≈ 1, ur = sinhy⊥ ≈ y⊥) and Hubble parameteri-
zation for the radial flow near the surface of the fireball
as y⊥(r, τ) ≈ H(R − δr) one can simplify the relevant
exponential factor into
exp
(
−pt
T
RH
δr
R
)
(2.2)
The first ratio, pt/T should be taken as large as possible,
remaining at the same time in the validity region of the
hydrodynamical description of the spectra. Let us say
take pt to be 2 GeV for RHIC and 3 GeV for LHC. The
second factor RH, the maximal value of the transverse
rapidity of the flow, is about 0.7 and 0.8, respectively.
Let the freezeout temperature be Tf = 0.12GeV . One
finds exp(−12δr/R) for RHIC and even exp(−20δr/R)
for LHC, which means that only a small vicinity of the
rim δr/R = 0.1− 0.05 is “experimentally visible”.
The Mach surface σM surrounds the matter which
is affected by the jet. Let us provide a simple (upper
limit) estimate of how different this matter is from the
unperturbed ambient matter. Using mid-rapidity AL-
ICE multiplicity dNch/dη ≈ 1584 of the charged parti-
cle, we multiply it by 3/2 to include neutrals and get
dN/dη ∼ 2400. Since the rapidity width of the region
affected by a jet has ∆η ∼ 1, this multiplicity can be
directly compared with the “extra particles” originated
from the jet. At deposited E⊥ ∼ 100GeV this number
is about Nextra ∼ 200, provided they are equilibrated
with flowing medium completely, an increase of about
8%. Since multiplicity scales as T 3, the increase of the
temperature (if homogeneous) is about δT/T ∼ 2.7%
only, which does not look like much. And yet, this ef-
fect is so much amplified by the radial flow that it should
be easily observable, in a specially tuned region of the
spectra.
At the freezeout the matter density is roughly constant
(e.g. twice larger multiplicity at LHC relative to RHIC
leads to twice large HBT volume, as shown by ALICE
[14]). So, Nextra particles need about 8% of extra volume.
Assuming that longitudinal expansion is still rapidity-
independent, it means increasing the transverse area, or
increasing the freezeout radius by the square root of it,
or 4% in our example. The Hubble law of expansion then
tell us that it will increase flow velocity linearly with r,
or also by 4%. The boost exponent however can easily
increase the contrast to be as large as 100%, for example
exp[(
ptut
Tf
)
δut
ut
] ∼ exp(20 ∗ 0.04) ∼ 2.2 (2.3)
3(using the same parameters as in the example above).
So far our discussion is completely geometrical in na-
ture: all we have used above is that jets move with a
speed of light and shock/sound with a speed cs (although
depending on the density/temperature, but the same for
all events in the same centrality bin). Note that neither
jet energy nor its fraction deposited are important. The
difference between RHIC and LHC collisions only come
from a somewhat different multiplicity and timing.
So far, we have ignored many complications. The
speed of the shock/sound is not in fact constant and de-
pend on the amplitude a bit and also has a dip near the
QCD phase transition: this should somewhat deform the
Mach surface. Another issue (see below) is the interac-
tion between the wave and the flow.
So far we have ignored the dynamics of jet quench-
ing itself,on which the magnitude of the observed signal
depends. Let us thus briefly mention the evolution of
current views on the quenching mechanism. The very
first measurements at RHIC have provided the magni-
tude of the attenuation of the hadron spectra, known
as the RAA(pt). Although the magnitude of suppres-
sion is quite large, up to factor 5, perturbative models
were able to reproduced it. However next RHIC discov-
eries put pQCD explanations into doubt. Single leptons,
originating from c, b quark decays, show equally small
Rc,bAA, which is hard to explain perturbatively. Another
issue, pointed out in [8, 9], is large angular asymmetry
of the jet quenching incompatible with models for which
−dE/dx is proportional to the matter density. The value
of v2(pt > 6GeV ) =< cos(2φ) > is wrong by a factor 2.
(Note high pt: it should not be confused with the elliptic
flow!) One possible solution [5] to this puzzle is a non-
trivial dependence of quenching rate on matter density,
with enhancement in the near-Tc region. Another solu-
tion came from the strong coupling (AdS/CFT) frame-
work, which predicts the energy loss [6]
− dE
dx
∼ T 4x2 , (2.4)
with an extra peak at the very end near the stopping
point. While this result may look similar to the pertur-
bative BDMCS result [11] −dEdx ∼ T 3x, the timing pre-
dicted by those two regimes are in fact completely differ-
ent. Strong coupling scenario (2.4) effectively shifts most
of the jet quenching to its latest moments, and therefore
[7], leads to v2(pt > 6GeV ) large enough to reproduce
the PHENIX and STAR data. This last scenario, if true,
provides an independent dynamical reason why only the
jet edge (defined above) rather than the whole cone, is
dominant in the observed spectra. (Note that in the dis-
cussion above we have only discussed observability of the
edge of the companion jet: scenario (2.4) provides an-
other reason why the energy deposition of the trigger jet
should be significantly smaller, and thus its edge less vis-
ible.)
III. THE WAVE CARRIED BY THE FLOW
We defer complete treatment of the sound propagation
on top of expanding fireball to larger paper [13], in which
we will use a number of approximate methods as well as
complete separation of variables for the so called Gubser
flow. In this paper we focus on the jet/fireball edge, and
thus can describe sound propagation in the “geometric
acoustics” approximation, see textbooks such as [10]. It
uses the analogy between the Hamilton-Jacobi equation
for the particle and the wave sound equation, putting the
Hamilton eqns of motion for “phonons” in the following
general form
d~r
dt
=
∂ω(~k, ~r)
∂~k
, (3.1)
d~k
dt
= −∂ω(
~k, ~r)
∂~r
, (3.2)
driven by the (position dependent) dispersion relation
ω(~k, ~r). For clarity, let us start with the simplest non-
relativistic case, namely with the small velocity of the
flow, u  1. In this case the dispersion relation is ob-
tained from that in the fluid at rest by a local Galilean
transformation, so that for flow ~u(~r)
ω(~k, ~r) = csk + ~k~u(~r) . (3.3)
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Note that for a wave propagating normal to the flow
(in the azimuthal angle direction) this equation contains
only the first term. (We neglect small elliptic and other
higher angular harmonics or just consider central colli-
sions). Thus the distance travelled by the sound is just
the “sound horizon” Hs = cs(tf−tC), where tC is proper
time at which the jet lives the fireball, see Fig.1. In
longitudinal direction one expects that the sound trav-
els longer distance, as it partly rides on the longitudinal
flow. The equation for the longitudinal position of the
sound pulse looks now
z˙(t) = cs +
z(t)√
t2 − z2(t) (3.4)
It can either be solved numerically, or (with about 2% ac-
curacy) approximated nonrelativistically (dropping z in
the denominator of the second term), which leads to ana-
lytic solution Zs = cstf ln(
tf
tC
) which by the time of final
freezeout is greater thanHs by about factor Zs/Hs ≈ 1.4.
The shape of the jet edge is thus approximately an ellip-
soid with the ratio of radii Zs/Hs.
What happens if the jet stops inside the fireball?
The upper plot in Fig.1 gets modified, the cone gets
“rounded” by a sphere centered at the stopping point.
Its intersection with the two other freezeout surfaces can
still be defined, as above.
Crude estimate of the azimuthal angle of the edge is
given by ∆φ = ±HsRf , the distance shock/sound travel
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FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.
|η| < 3.2. The hadronic calorimetry in the range |η| < 1.7
is provided by a sampling calorimeter made of steel and
scintillating tiles. In the end-caps (1.5 < |η| < 3.2),
LAr technology is also used for the hadronic calorime-
ters, matching the outer |η| limits of the electromag-
netic calorimeters. To complete the η coverage, the LAr
forward calorimeters provide both electromagnetic and
hadronic energy measurements, extending the coverage
up to |η| = 4.9. The calorimeter (η,φ) granularities are
0.1 × 0.1 for the hadronic calorimeters up to |η| = 2.5
(except for the third layer of the Tile calorimeter, which
has a segmentation of 0.2×0.1 up to |η| = 1.7), and then
0.2× 0.2 up to |η| = 4.9. The EM calorimeters are longi-
tudinally segmented into three compartments and feature
a much finer readout granularity varying by layer, with
cells as small as 0.025×0.025 extending to |η| = 2.5 in the
middle layer. In the data taking period considered, ap-
proximately 187,000 calorimeter cells (98% of the total)
were usable for event reconstruction.
The bulk of the data reported here were triggered
using coincidence signals from two sets of Minimum
Bias Trigger Scintillator (MBTS) detectors, positioned
at z = ±3.56 m, covering the full azimuth between
2.09 < |η| < 3.84 and divided into eight φ sectors and two
η sectors. Coincidences in the Zero Degree Calorimeter
and LUCID luminosity detectors were also used as pri-
mary triggers, since these detectors were far less suscep-
tible to LHC beam backgrounds. These triggers have a
large overlap and are close to fully efficient for the events
studied here.
In the offline analysis, events are required to have a
time difference between the two sets of MBTS counters
of ∆t < 3 ns and a reconstructed vertex to efficiently
reject beam-halo backgrounds. The primary vertex is
derived from the reconstructed tracks in the Inner De-
tector (ID), which covers |η| < 2.5 using silicon pixel and
strip detectors surrounded by straw tubes. These event
selection criteria have been estimated to accept over 98%
of the total lead-lead inelastic cross section.
The level of event activity or “centrality” is character-
ized using the total transverse energy (ΣET ) deposited
in the Forward Calorimeters (FCAL), which cover 3.2 <
|η| < 4.9, shown in Fig. 2. Bins are defined in centrality
according to fractions of the total lead-lead cross sec-
tion selected by the trigger and are expressed in terms of
percentiles (0-10%, 10-20%, 20-40% and 40-100%) with
0% representing the upper end of the ΣET distribution.
Previous heavy ion experiments have shown a clear cor-
relation of the ΣET with the geometry of the overlap
region of the colliding nuclei and, correspondingly, the
total event multiplicity. This is verified in the bottom
panel of Fig. 2 which shows a tight correlation between
the energy flow near mid-rapidity and the forward ΣET .
The forward ΣET is used for this analysis to avoid biasing
the centrality measurement with jets.
Jets have been reconstructed using the infrared-safe
anti-kt jet clustering algorithm [8] with the radius pa-
rameter R = 0.4. The inputs to this algorithm are “tow-
ers” of calorimeter cells of size ∆η×∆φ = 0.1× 0.1 with
the input cells weighted using energy-density dependent
factors to correct for calorimeter non-compensation and
other energy losses. Jet four-momenta are constructed
by the vectorial addition of cells, treating each cell as an
(E, #p) four-vector with zero mass.
The jets reconstructed using the anti-kt algorithm con-
tain a mix of genuine jets, as well as jet-sized patches
of the underlying event. The distinction between signal
and background jets is defined by means of a discriminant
based on the jet constituent towers, D = ET (max)/〈ET 〉,
the ratio of the maximum tower energy over the mean
tower energy. The cut value Dcut = 5 is chosen from
simulation studies, and the results have been tested to
FIG. 2: Azimuthal distribution of the transverse energy in
one event from [1] , the inner part shows tracks with p⊥ >
2.6GeV and outer histogram the hadronic calorimeter cells,
with thresholds E > 1GeV .
after the jet left the fireball to the final fireball radius.
It is of the order of one radian numerically: but specific
values depend both on the length of the jet path inside
the matter and on the wave speed. The shock speed for
QGP-to-QGP case we worked out for different compres-
sion factors: there is no place here to present this calcu-
lation, a d we ju t say that in the range of compression
factors of interest shock rapidity remains close to 1/2.
IV. EXPERIMENTAL SIGNATURES
As argued above, each jet which deposit certain
amount of energy into hydrodynamical process effectively
heats up matter insider the Mach surface, which results
in extra radial flow in certain angular sector. We have
argued that one should look at pt = 2 − 3GeV , a win-
dow where hydrodynamical effects are still dominant and
the “contrast” is the largest. We expect to find sharp
jump between the inside of this sector and the outside.
Furthermore, there should be extra peaks near the edge
itself, corresponding to the “frozen sound pulse”. In prin-
ciple, this should happen both for companion and trigger
jets, although with larger magnitude in the former case.
This statement is of course statistical, and should be
studied for a sample of events with close energy deposi-
tion. However, the predicted contrast is large enough to
be perhaps seen in single events. One event display shown
in ATLAS paper is reproduced in our Fig. 2; note that
tracks pt and calorimeter energy cuts are in the range we
propose. Indeed, tracks and calorimeter energy distribu-
tions are very peculiar. First of all, they are wide and
not jet-like, as has been observed in pp collisions. Second,
the distributions are not Gaussian-like but flat, with clear
sharp edges beyond which there is no signal. We suggest
that this is the manifestation of the “edge” phenomenon
discussed. Last but not least, there are symmetrically
placed small peaks near both edges: those presumably
are ue to “frozen so nd waves”. If one accounts for lon-
gitudinal (first order velocity) δu in exponent of (2.1),
their azimuthal angle is slightly larger than that of the
geometric edge discussed above. Although this display
shows only one event, being projected onto the azimuthal
angle, in fact the edge and near-edge enhancement should
make an ellips in the φ, η plan, s we discussed above.
In summary, we suggest that events in which large en-
ergy is deposited by jets should develop sharp “edges”
in angular distribution of particles, best seen for pt =
2−3GeV , which are of geometric nature and thus nearly
independent o he jet energy. We expect them to be-
come a new experimental tool, as they should be notice-
able even on event-by-event basis.
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